PV and tocopherol 10 . Indeed, traditional olive oil processing based on the use of a pan crusher and a hydraulic press is not a continuous system and the transformation costs are high 10 . The new systems based on centrifuging the paste have led to the reduction in the need for workers. They also allow manufacturing costs to be reduced. Moreover, due to their high production capacity, the storage time of olives before processing can be markedly reduced. However, the disadvantages of this method are the large amount of liquid wastes and the addition of lukewarm water to dilute the olive paste. This addition decreases the levels of phenolic compounds in the oil owing to their high solubility in the aqueous phase 11 . The liquid wastes from the three-phase centrifugation in some countries are reused instead of fresh water. But their highly oxidative action deteriorates the quality of the final product and as a result this recycling process has been abandoned. With respect to oils extracted by a two-phase centrifugation, they have higher concentrations of phenols and show higher stability to oxidation 8 than those obtained by a three phase decanter. The occurrence of hydrophilic phenols is important in terms of virgin olive oil quality due to their contribution to oil flavor and aroma in olive oil 12 .
However, a systematic study of the individual classes of hydrophilic phenols in VOO has been developed only recently 8 . The latter can be differentiated from all other vegetable oils thanks to its very particular phenolic composition. Furthermore, VOO contains different classes of phenolic compounds such as phenolic acids, phenolic alcohols, flavonoids, secoiridoids and lignans 8 . Indeed, several authors have confirmed the occurrence of phenolic acids as minor components in VOO 13 . In many cases the correlation with oxidative stability is higher when the sum of the dialdehydic form of elenolic acid linked to hydroxytyrosol 3,4-DHEPA-EDA and oleuropein aglycone 3,4-DHPEA-EA or the sum of the two and hydroxytyrosol 3,4-DHPEA is considered 13 .
The present research work proposes the study of the effect of processing system two-phase, three-phase and repassed oil on the quality and the composition of Chemlali olive oil. In fact, several analytical determinations were chosen: quality indices, oxidative stability, total phenols, tocopherols, chlorophyll and carotenoids pigments and fatty acid.
Materials and methods

Chemicals and reagents
Methanol, hexane, acetic acid and cyclohexane HPLCgrade solvents were purchased from Riedel-deHaen Switzerland . The solvents were of appropriate purity. The double distilled water was used in the HPLC mobile phase. 2, 2-Diphenyl-1-picrylhydrazyl DPPH was purchased from Sigma-Aldrich Chemie Gmbh, Steinhein, Germany . FolinCiocalteu reagent was obtained from Fluka Switzerland .
Standards of hydroxytyrosol, tyrosol, luteolin and apigenin were purchased by Sigma-Aldrich St. Louis, MO, USA and pinoresinol was acquired from Arbo Nova Turku, Finland . Other phenolic compounds used as pure standard samples, ligstroside, were isolated from EVOO by semipreparative HPLC.
Oil extraction
Samples of Chemlali commercial olive oils were collected from industrial oil mills located in the provinces of Sfax. After homogenization and cleaning, fruits from Chemlali cultivar were divided into both portions according to the processing systems used namely the two-phase centrifugation, three-phase centrifugation and repassed oil oil obtained from second extraction of two-phase paste .
Three-phase Centrifugation System
Through this procedure, the olives were crushed to a fine paste. This paste was then malaxed for 50 minutes in order to allow the small olive droplets to coalesce. At this time, the paste was pumped into an industrial decanter to achieve the separation of the different constituents of the paste. The decanter is a large capacity-horizontal centrifuge rotating approximately 3000 rpm. The separated oil and vegetation water are then rerun through a vertical centrifuge, working around 6000 rpm separating the small quantity of vegetation water still contained in oil and vice versa.
Two-phase Centrifugation System
The olives were crushed to a fine paste, then, olive paste was kneaded for 50 min at 22 2 . Afterwards, the paste is pumped into a two-phase industrial decanter where the liquid and solid phases were separated.
All samples were stored at 4 in darkness using amber glass bottles without head space until analysis.
Analytical methods
Quality indices determinations
The determination of peroxide value PV meqO 2 /kg of oil , free acidity given as of oleic acid , K 232 and K 270 were carried out following the analytical methods described by the International Olive Council 14 .
Pigment content
Carotenoids and chlorophylls mg/kg of oil were determined at 470 and 670 nm, respectively, in cyclohexane using the specific extinction values according to the method of Minguez-Mosquera et al. 15 .
Chlorophyll mg/kg A 670 10 6 / 613 100 d
Carotenoid mg/kg A 470 10 6 / 2.000 100 d
Where A is the absorbance and d is the spectrophotometer cell thickness 1 cm . The chlorophyll and carotenoid concentrations are expressed as mg of pheophytin a and lutein per kg of oil, respectively.
Fatty acid methyl ester analysis
The fatty acid composition of the oils was determined by gas chromatography GC as fatty acid methyl esters FAMEs . FAMEs were prepared by saponification/methylation with sodium methylate according to the Regulation EEC 16 . A chromatographic analysis was performed in a SHIMADZU set 17 A Series II gas chromatography using a capillary column stabilwax, Restek, length 50 m, internal diameter 0.32 mm and film thickness 0.25 μm . The column temperature was isothermal at 180 , the injector and detector temperatures were 230 and 250 , respectively. Generally, fatty acids were identified by comparing retention times with standard compounds, and in the present study ten fatty acids were considered. These were palmitic 16:0 , hypogeic 16:1n-9 palmitoleic 16:1n-7 , heptadecanoic C17:0 , heptadecenoic C17:1n-8 , stearic 18:0 , Z -vaccenic 18:1n-7 oleic 18:1n-9 , linoleic 18:2 , linolenic 18:3 , arachidic 20:0 , and gondoïc C20:1n-9 acids expressed as percentages of fatty acid methyl esters.
Chromatographic analysis of triacylglycerols
Triacylglycerols TAG of olive oil were separated by high performance liquid chromatography Shimadzu equipped with a reverse phase C-18 column 4.6 250 mm, particle size 5 μm, shim-pack, VP-ODS, Kyoto, Japan . The eluent was monitored by refractive index detector model RID10Avp; Shimadzu . The mobile phase was acetone/acetonitrile 60: 40, v/v with a flow rate of 1.5 mL min 1 . All solvents were of HPLC grade. Samples 5 μL were prepared by dissolving the oil in acetone 9:91, v/v . The injection volume was 10 μL. Peak assignment was carried out by comparison with chromatograms reported in the literature and with the retention times of some pure standards 17 .
2.3.5 Tocopherol determination HPLC analysis for α-tocopherol was performed with an Agilent 1100 Series HPLC system chromatograph Hewlett-Packard, Waldbronn, Germany apparatus. Detection was performed at 290 nm for α-tocopherol. The column was C-18, 4.6 250 mm, particle size 5 μm, shimpack, VP-ODS, Shimadzu, Kyoto, Japan . The elution solvents used were A 2 acetic acid in water , B methanol , C acetonitrile and D isopropanol . 18 . The α-tocopherol content was determined by diluting approximately 1100 mg of olive oil in one ml nhexane mixture and analyzing the sample solution by HPLC. Concentrations of α-tocopherol contents were then calculated from integrated peak areas of the samples and the calibration curve of α-tocopherol standard. Acceptable linearity was achieved in the range 300-1100 mg kg 1 y 1.30x, R 2 0.899 . 2.3.6 Determination of total wax content The method described by IOOC 19 was used. The wax samples were isolated using solid-phase extraction. The silica column was prepared by inserting a plug of cotton glass 15 g of silica ; it was then conditioned by passing hexane and eluted with hexane-ethyl ether. Under no circumstances were commercial pre-packed cartridges used, and the chromatographic columns in the solid phase were prepared daily for each sample to be analyzed. 500 mg of sample oil for analysis were introduced, to which 0.1 mL 0.1 m/V in hexane of lauryl arachidate was added as an internal standard, plus a few drops of Sudan I, used as a chromatographic marker. The solutions were evaporated in a rotary evaporator at room temperature and the residue was re-dissolved in heptane and 1 mL was then injected into the gas chromatograph. 2.3.7 Determination of oxidative stability by the Rancimat apparatus The oil samples 5.0 g were heated by Rancimat apparatus Metrohm Ltd., Herisau, Swiss at 120 , with a continuous air flow of 20 L/h passing through the samples. The conductivity cells were filled with 60 mL of deionized water. The time needed for the appearance of a sudden water conductivity rise, caused by the adsorption of volatiles derived from oil oxidation, was registered in hours as the induction time 3 .
2.4 Analysis of phenolic compounds 2.4.1 Extraction of phenolic fraction from olive oil The polar fraction extracts were obtained following the procedure of Mraicha et al. 20 , with some modification.
Briefly, the oil sample 4 g was added to 2 mL of n-hexane and 4 mL of a methanol/water 60:40, v/v solution in a 20 mL centrifuge tube. After vigorous mixing, they were centrifuged for 3 min. The hydroalcoholic phase was collected, and the hexanic phase was re-extracted twice with 4 mL of methanol/water 60:40, v/v solution each time. Finally, the hydroalcoholic fractions were combined, washed with 4 mL of n-hexane to remove the residual oil, then concentrated and dried by evaporative centrifuge in vacuum at 35 . 2.4.2 Determination of total polar phenol content and o-diphenol contents The determination of the total phenolic compounds included the use of the Folin-Ciocalteau reagent and the method was adopted from Bouaziz et al. 3 .
The concentration of o-diphenolic compounds in the methanolic extract was determined by the method of Mateos et al. 21 .
Total flavonoids contents
Total flavonoids were measured by a colorimetric assay developed by Bouaziz et al. 3 . One ml aliquot of appropriately diluted sample or standard solution of catechin 20, 40, 60, 80 and 100 mg.l 1 was added to a 10 ml volumetric flask containing 4 ml double distillate water ddH 2 O . At zero time, 0.3 ml 5 NaNO 2 was added to the flask. After 5 min, 0.3 ml 10 AlCl 3 was added. At 6 min, 2 ml 1 M NaOH was added to the mixture. Immediately, the reaction flask was diluted to volume with the addition of 2.4 ml of ddH 2 O and thoroughly mixed. Absorbance of the mixture -pink colour-was determined at 510 nm compared to control water. Total flavonoid contents were expressed as mg/kg of oil catechin equivalents CE . Samples were analysed in triplicates.
Total flavonols content
The content of flavonols was determined by the method of Yermakov et al. 22 . A standard curve of rutin was performed by mixing 2 ml of different concentrations of methanolic solutions of rutin with 2 ml of AlCl 3 20 mg/mL and 6 ml of sodium acetate 50 mg/mL . The absorbance was measured after 2.5 h at 440 nm. The same procedure is followed for 2 ml of plant extract 3.5 mg/mL . The total flavonols were expressed as fresh weight mg/g rutin equivalents RE . For rutin, the curve absorbance against concentration was described by the equation y 0.0407x-0.2091 r 2 0.9034 .
HPLC Analysis of polar phenolic compounds
Reverse-phase HPLC conditions for the phenolic compounds HPLC analysis was performed with a Schimadzu apparatus equipped with a LC-10ATvp pump and a UVvisible detector SPD-10Avp. The column was a C18, 250 4.6 mm, particle size 5 μm Shim-Pack VP-ODS; Shimadzu, Kyoto, Japan , as used for the analysis of α-tocopherol. The temperature was maintained at 40 , and the flow rate was 0.6 ml min 1 . The mobile phase was 0.1 phosphoric acid in water A and 70 acetonitrile in water B . The solvent gradient started with 20 B and increased to 50 B in 30 min, followed by an isocratic plateau for 5 min. Finally, solvent B decreased to 20 until the end of the running time. With respect to the detection and quantification, they were performed at 280 nm. Peaks were identified by congruent retention times compared with standards. Each phenolic compound was quantified in comparison to its standard when it was available. Due to the absence of standards for some detected compounds, secoiridoids and lignans were expressed as mg oleuropein/ kg of oil.
DPPH scavenging activity
The capacity to scavenge the free radical 2,2-diphenyl-1-picrylhydrazyl DPPH was monitored according to the method of Brand-Williams et al. 23 . The extract solution 0.25 mL was mixed with 0.5 mL of methanolic solution containing DPPH radicals 6 10 6 M . The mixture was shaken vigorously and left to stand for 30 min at room temperature in dark until stable absorbance values were obtained . The reduction of the DPPH-radical was measured by continuous monitoring of the absorption decrease at 517 nm. DPPH scavenging effect was calculated as the percentage of DPPH discoloration using the following equation: scavenging capacity A DPPH A E /A DPPH 100, where A E is the absorbance of the solution when the sample extract has been added at a particular level, and A DPPH is the absorbance of the DPPH solution. Regarding the extract concentration providing 50 inhibition IC 50 , it was calculated from the graph of scavenging capacity percentage against extract concentration in the solution.
Sensory assessment
The sensory evaluation of virgin olive oil VOO samples was carried out in accordance with the official method for the olive oil sensory assessment 14 . A total of 15 mL of each sample was kept in standardized glasses at 29 2 for 15 min and then evaluated by five assessors. Assessors were free to qualify VOOs with their own sensory descriptors in addition to those described in the official method 24 .
Statistical analysis
The results were expressed as mean standard deviation SD of three measurements for the analytical determination. Significant differences between the values of all parameters were determined at p 0.05 according to the one way ANOVA: Student Newman-Keuls test, using SPSS Statistics 17.0 for Windows SPSS Inc., 2008 .
The Principal component analysis PCA was applied to show the effect of each processing system on the quality, stability and composition of Chemlali olive oil, using the Varimax rotation with Kaiser Normalization. PCA plot was p e r f o r m e d u s i n g X L S TAT s o f t w a r e f o r Wi n d o w s v.2013.2.03, Addinsoft, NY, USA .
Results and discussion
Quality indices
The quality indices of commercial Chemlali olive oil obtained by different processing systems, two-phase, threephase centrifugations and repassed oil, are listed in Table 1 .
Free acidity is an important quality factor that has been extensively used as a traditional criterion for classifying olive oil in various commercial grades. In fact, repassed oil had the highest acidity value 1.58 , actually higher than that from the two-phase and three-phase centrifugations 0.80 , thus classifying the product as ordinary virgin olive oil. In addition, the high acidity is explained by the existence of the vegetable water and oil during processing, which remains together until they are separated by decanting. This fact may favour the hydrolysis of triglycerides, especially by lipolytic enzymes, resulting in an increase in free fatty acid concentration and in enzymatic activity, favored by olive tissue damages 25 . The percentage of acidity for two-phase and three-phase centrifugations did not exceed the upper limit of 0.8 established by the COI norm and corresponding to the extra-virgin olive oil class Table 1 . The lowest value was found for two-phase centrifugation with 0.20 and three-phase centrifugation with 0.23 . These low values of acidity can be accredited to the use of fresh and healthy olives and by immediate extraction without olive storage.
The peroxide value PV in the studied samples ranging from 12.50 to 13.23 meqO 2 /kg in the two-phase and threephase centrifugation respectively, did not exceed the maximum limit established by the EU legislation for the extra-virgin olive oil category 20 meqO 2 /kg . However, the highest PV were observed in repassed oil 23.30 meq O 2 /kg , thus classifying the product as ordinary virgin olive oil. This increase explained by the second malaxation, so another exhibition to temperature and air.
The absorption at specified wavelengths at 232 and 270 nm in the ultra violet region is related to the formation of conjugated diene and triene in the olive oil system, which shows minor differences between three processing systems. The analysis of olive oils gave rise to the K 232 values varying from 2.08 to 2.18 and K 270 values varying from 0.12 to 0.19 for two-phase and three-phase centrifuges, respectively. In both cases, K 232 and K 270 are in accordance with values recommended by the EU Regulation 16 concerning quality characteristics of the extra-virgin olive oil K 232 ≤ 2.50 and K 270 ≤ 0.20 . These results are in good agreement with the research work of Torres and Maestri 9 .
Nevertheless, for the repassed oil, a slight increase was observed for K 232 and K 270 whose values are equal to 2.84 and 0.22, respectively.
Chlorophyll and carotenoid contents
Chlorophylls and carotenoids are the main pigments in vegetable oils. In olive oils, they play an important role in the oxidative stability due to their antioxidant nature in the dark and prooxidant activity in the light and are mainly responsible for the color of olive oil, which varies from yellow-green to greenish gold 26 . Furthermore, pigments are also involved in autoxidation and photooxidation mechanisms 9 26, 27 . Chlorophyll pigment content equals 3.70 mg/kg in the repassed oil. On the other hand, oils from the centrifugation system had values between 1.44 mg/kg two-phase and 1.55 mg/kg three-phase . The same phenomenon was observed with carotenoid. Chemlali olive oils from the two-phase centrifugation contained the lowest level of carotenoids 2.33 mg/kg while repassed oil contained the highest level of carotenoid pigments 7.48 mg/ kg .
Total waxes
Waxes are esters of long chain aliphatic alcohols C27, C44 and fatty acids. The total waxes content is related to the turbidity of olive oil because the suspended solid are also derived from total waxes. Table 1 shows the average concentration for the total waxes for the oil obtained by the three processing systems. Two-phase and three-phase centrifugations had a total waxes concentration below the legal limit established by the EU legislation for edible virgin olive oils ≤ 250 mg/kg . Repassed oil presented a value of 249.01 mg/kg which is lower than the values given by the EU legislation. However, three-phase centrifugation gave a value of 146.42 mg/kg and two-phase centrifugation presented the lowest value of 125.11 mg/kg. It has been reported that extra-virgin olive oils are characterized by low total waxes content and present a total wax ester contents Each value represents the mean of three determinations (n=3)±standard deviation. Significant differences between two-phase oil and repassed oil groups ***p<0.001, and between two-phase oil and three-phase oil groups *p<0.05; **p<0.01; ***p< 0.001.Significant differences between threephase oil and repassed oil groups ++p<0.01; +++p<0.001. NS: No significance between two-phase oil and repassed oil groups, and between two-phase oil and three-phase oil groups (p>0.05). NS' : No significance between three-phase oil and repassed oil groups (p>0.05).
significantly lower than those found elsewhere for virgin olive oil 91-105 mg/kg obtained from the Arbequina cultivar 28 .
Fatty acid composition
The average fatty acid composition expressed as percentage of total methyl esters is reported in Table 2 . Many fatty acids were detected in the oil obtained by the three processing systems. Oleic acids C18:1 n-9 and Palmitic C16:0 are considered as major fatty acids while palmitoleic C16:1 n-7 , stearic C18:0, linolenic C18:2 n-6 n-9 and linoleic acids C18:3 n-3 n-6 n-9 were low. Mean contents of fatty acids was not affected by the processing systems. The major fatty acids were oleic acids 55-61 . In fact, the latter have great importance due to their health benefits by increasing the levels of the protective high density lipoprotein and decreasing the levels of low density lipoprotein. The four fatty acids in order of qualitative importance in the Chemlali olive oil produced by three processing systems correspond to the palmitic acids 16-17.5 , linoleic acids 16-17 , stearic acids 2-3 and palmitoleic acids 2-2. 5 . These results are in agreement with those obtained by Gimeno et al. 10 . However, Issaoui et al. 11 have found that there are differences in fatty acids composition that are significantly remarkable.
Tocopherols composition
Tocopherols behave as potent antioxidants since they are able to scavenge reactive oxygen species and lipid. Oils f r o m t h e t h r e e p r o c e s s i n g s y s t e m s a r e r i c h i n α-Tocopherol, which is predominantly representative of tocopherols in olive oils, accompanied with a small amount of the γ-isomer. The mean values of α-Tocopherol content varied between 205.43 to 293.60 mg/kg for three-phase system and repassed oil Table 1 . In fact, repassed oil had higer α-Tocopherol content 293.60 mg/kg than oil obtained from two-phase centrifugation 267.20 mg/kg , which is in turn greater than that of three-phase centrifugation 205.43 mg/kg . In this context, Issaoui et al. 11 have
shown that there are no differences in α-Tocopherol com- SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; UFA: unsaturated fatty acids. Each value represents the mean of three determinations (n=3) ±standard deviation. Significant differences between two-phase oil and repassed oil groups *p<0.05; **p<0.01; ***p<0.001, and between two-phase oil and three-phase oil groups *p<0.05; **p<0.01; ***p< 0.001.Significant differences between three-phase oil and repassed oil groups +p<0.01; ++p<0.01; +++p<0.001. NS: No significance between two-phase oil and repassed oil groups, and between two-phase oil and three-phase oil groups (p>0.05). NS' : No significance between three-phase oil and repassed oil groups (p>0.05).
position with the change of processing systems for the same cultivar of olive. In addition, other authors have found similar results with oils from other olive cultivars 25 .
Triacylglycerol composition
The composition of triglycerides TAG expressed as the equivalent carbon number ECN found in olive oil of the Chemlali cultivar and studied by different processing systems are shown in Table 3 . Sixteen triglycerides were identified LLL; OLLn PoLL; PLLn; OLL; OOLn; PLL; POLn; OOL PPLn; OLP SLL; PoOP PPL; OOO; OOP; POP, OOS, POS; POA . The main molecular species of TAG in the olive oil sample were OOO, OOL PPLn; OOP; OLP SLL, SOO, as expected from the high oleic acid and low linoleic and linolenic acid contents. These accounted for more than 70 of the total identified TAG and are in agreement with the reported research works 29 . Afterwards, the level of triolein OOO , the main TAG in olive oil obtained from three processing systems was remarkably high, with concentrations of 20.85, 21.15 to 21.35 for two-phase and three-phase centrifugations and repassed oil respectively. In addition, oil obtained from the three processing systems had the lowest level of trilinolein LLL 0.5 . The presence of high triolein OOO level in proportion to trilinolein LLL constitutes a favorable authenticity indicator as described by Baccouri et al. 30 .
The three second TAG in the order of qualitative importance in the Chemlali olive oil produced by three process- The next four TAG fractions are OLL, OOLn, PoOP PPL and POP, their content is similar for olive oil resulting from three processing systems. The last main molecular species is OOS, which is the most important although its low content varied from 0 to 3 for the three processing systems. The ECN 42 fraction LLL, OLLn PoLL and PLLn in the studied olive oils of Chemlali Sfax obtained by three processing systems was very low 0.85-0.95 . These findings are in good agreement with those of Aranda et al. 30 who reported that in some Spanish olive oils, ECN 42 is very low 0.18 in Cornicabra olive oil .
It is found that after three processing systems, olive oil has approximately the same composition in triglycerides. So it can be concluded that the change of processing systems does not have a significant influence on the composition of triglyceride in olive oil. Nonetheless, many parameters affect the composition and essentially the cultivar, the maturity of the olives, and the level of infestation by the olive fly, as well as the environmental conditions climate and soil quality 20 .
Total polar phenols
The phenolic compounds present in olive oils are one of the bases of the nutritional importance and shelf life of this oil. Phenolic substances contribute to oil flavour and aroma and to the typical bitter taste of olive oil 31 . The two-phase centrifugation preserves the phenolic content more than the three-phase centrifugation. The total phenol content varies from 251.64 to 210 mg/kg, for the oils obtained from two-phase and three-phase centrifugation, respectively. However, repassed oil provided the lowest phenol content 87.00 mg/kg . In this context, Gimeno et al. 10 found similar results with oils made from other olive cultivars. Indeed, the phenols present in olive paste are soluble in water or oil, according to their partition coefficients and processing temperature. In the three-phase centrifugation and repassed oil, the addition of water to the paste alters the partition equilibrium between the liquid phases and reduces the phenol concentration in the oil phase through dilution in the aqueous phase 32 .
Total o-diphenol and avonoid contents
The o-phenols and flavonoid contents in the olive oil extracts from the different processing systems are presented in Table 1 . In the case of o-diphenols, the highest content was observed in the two-phase system 132.85 mg/kg , followed by the three-phase system 115.23 mg/kg , whereas repassed oil had the lowest amount 74.00 mg/kg . The total flavonoïds content was also measured for the three processing systems. The mean values of the total flavonoïds content in the three processing systems are presented in Table 1 . It was expressed as Quercetin equivalents, and ranged from 8.00 to 14.50 mg/kg. Two-phase centrifugation showed the significantly high mean content in total flavonoids 14.50 mg/kg , followed by three-phase centrifugation 13.00 mg/kg . Repassed oil showed the lowest content of total flavonoids 8.00 mg/kg . These results highlight that o-diphenols and total flavonoids content showed the same pattern of increase between the different processing systems.
Antioxidant activity
Phenolic extracts, originating from the three-phase and two-phase centrifugations were tested for their antioxidant activity Table 1 , using the stable free radical DPPH as test by Brand-Williams et al. 23 . The lower IC 50 values indicate a higher antioxidant potential. The oil obtained by two-phase centrifugation exhibit the highest antiradical activity 2.30 μg/mL , with a value fold lower than that of the three-phase centrifugation 4.40 μg/mL . This result could be attributed to the highest concentrations of the total phenol and flavonoids, especially ortho-hydroxylated phenolics such as hydroxytyrosol and oleuropein aglycone 3 . However, repassed oil had higher IC 50 value 13.59 μg/mL , implying a lower antioxidant potential. This result could be explained by the low phenolic content found in repassed oil.
Oil stability
Oxidative stability is the main parameter for estimating olive oil quality and evaluating the susceptibility of the oil to oxidative degeneration, which is the main cause of damage. Concerning the oxidative stability, significant differences were found between the t hree processing systems. The lowest induction time value of repassed oil 3.69 h could be explained by the lower level in phenols 87.00 mg/kg . However, the highest stability value was registered in two-phase centrifugation 6.48 h , which may be explained by its richness in total phenol 251.64 mg/kg . Moreover, a correlation between total phenols and induction times were observed r 0.85 . Indeed, the oxidative stability index of olive oil is affected by different factors such as processing systems. In this context, Chtourou et al. 33 have shown that the contribution of phenolic compounds to oxidation stability is noticeable and when the phenolic and tocopherol content increase the induction time increase.
Phenolic compounds content
The amount of phenolic compounds in olive oil is an important factor for evaluating its quality to improve its resistance to oxidation, and to a certain extent, is responsible for its sharp bitter taste. The analysis of phenolic substances using HPLC allowed the separation and the identification of seventeen phenolic compounds Table 4 . The results have shown weak qualitative differences in the phenolic fraction profile between olive oils from different processing systems. Yet, significant quantitative differences were observed in a wide number of phenolic compounds p 0.001 Table 4 . The two-phase centrifuge provided the highest transfer rate of phenols to oil compared to threephase centrifuge where most of the phenols were flushed away with the waste water produced. In all olive oil samples under study, secoiridoids were the most abundant, followed by lignans, phenolic alcohols, flavonoids and phenolic acide respectively.
Indeed, the major detected secoiridoids are of the dialdehydic form of elenolic acid linked to hydroxytyrosol 3,4-DHPEA-EDA and oleuropein aglycon 3,4-DHPEA-EA . A higher concentration of the first component 3,4-DHPEA-EDA was observed in extra-virgin olive oils from two-phase centrifugation with 30.54 mg/kg followed by three-phase centrifugation 22.91 mg/kg , whereas the lowest value was detected in repassed oil 12.91 mg/kg . For the second component 3,4-DHPEA-EA , repassed oil showed the lowest value 13.61 mg/kg and the highest value was observed in two-phase and three-phase centrifugation. Their concentrations equal to 48.07 mg/kg and 18.81 mg/kg respectively.
Another secoiridoid identified at relatively high concentrations was dialdehydic form of elenolic acid linked to tyrosol p-HPEA-EDA . Its amount ranged from 7.71 mg/ kg in oils from three-phase centrifugation to 27.66 mg/kg in oils from two-phase centrifugation. The lowest concentration of the last component was recorded in repassed oil 6.05 mg/kg . The main phenolic acids identified in this study were vanillic acid, caffeic acide, p-coumaric acid, o-coumaric acid, ferulic acids. Chemlali olive oils of the three processing p-Coumaric acid was the predominant acid in all olive oil samples, its amount ranged from 2.51 mg/kg in oils from three-phase centrifugation to 2.24 mg/kg in oils from twophase. The lowest value in this compound was detected in repassed oil 1.03 mg/kg .
Concerning the amounts of phenyl alcohols, Hydroxytyrosol 3,4-DHPEA and Tyrosol p-HPEA were the most abundant compounds quantified of this family. Our results showed that the most abundant phenolic alcohols were revealed in two-phase centrifuge 19.96 mg/kg, 16.15 mg/kg for 3,4-DHPEA and p-HPEA, respectively , which were higher 1.4-fold than those obtained from the three-phase extract 10.46, 11.70 mg/kg, respectively . Such result confirms previous studies described by Servili et al. 8 . Regarding repassed oil the concentration in these compounds are very low. Their concentration is equal to 5.31 mg/kg and 8.21 mg/kg from p-EPEA and 3,4-DHPEA respectively. Lignans, especially pinoresinol is also found in considerable amount pinoresinol which reached 25.00 mg/kg, 24.71 mg/kg and 17.00 mg/kg respectively, in olive oil from twophase, three phase centrifugations and repassed oil, they are released in olive oils during the mechanical processing systems without biochemical modification during the extraction. Their concentration, however, shows a less variation in comparison to the secoiridoids because their occurrence in the oil is mainly affected by agronomic conditions for cultivating the olive trees while technological parameters of oil processing systems have a marginal impact on the VOO lignans concentrations 8 .
With respect to the flavonoid like luteolin and apigenin, they were also reported as phenolic components of virgin olive oil. The concentration of luteolin was higher than that of apigenin. With concentrations equal to 1.15, 4.27 and 5.94 mg/kg for the luteolin and 0.31, 0.34 and 1.06 mg/kg, respectively in the two-phase, three-phase centrifugations and repassed oil. In spite of their low concentrations, luteolin and apigenin showed significant differences p 0.001 between oils from two-phase centrifugation and threephase centrifugation Table 4 . These results confirm this chemical class as a minor constituent of the polyphenol fraction, as previously described for other olive oils 1 . Figure 1 shows that the three positive descriptors, fruity, bitter and pungency and the defect rancid and others vary according to the change of processing systems. The sensory analysis of Chemlali Sfax oil from two-phase and three-phase centrifuges shows an intense fruity flavor, well balanced bitter and pungent tastes with median of the defect equal to zero probably due to the presence of oleuropein aglycon and ligostroside aglycon 21 . That s why its oils belong to the extra-virgin olive oil category. However, the sensory profile of repassed oil was not similar to that of the two-phase and three-phase centrifuges. In fact, a reduction in positive attributes, especially, fruity flavor are noticeable. Actually, the rancid and others attributes were detected for this sample with values of 0.70 and 2.00 respectively. The negative attribute rancid registered for the repassed oil classifies this oil in a lower category order fol- Fig. 1 Sensory wheels of the Chemlali olive oils obtained by different each processing systems: two-phase oil (A), three-phase oil (B) and repassed oil (C) .
Sensory evaluation
lowing the detection of an organoleptic defect. This sample probably leads to oxidation during the second extraction on contact with water and air.
Chemometric analysis
PCA was used in exploratory analysis to analyze the effect of each processing method on the components of the Chemlali olive oils. PCA was applied to the dataset of all analyses of olive oils and two factors were selected justifying 100 of total variance F1: 64.18 and F2: 35.82 .
According to the Fig. 2 , two-phase and repassed oils were related to the F1 axe which was dominated after the Varimax rotation by the following variables: free fatty acids, peroxide value, K 232 , K 270 , oxidative stability, total waxes, total phenols, o-diphenols, total flavonoids, total flavonols, carotenoids, chlorophylls, antioxidant activity, C18:3 n-3 n-6 n-9 , LLL, OLLn PoLL, PLLn, OLL, PLL, OOL LnPP, PLO SLL, PoOP PPL, OOO, POP, SOO, p-EPEA, 3,4-DHPEA, vanillin, p-coumaric acid, o-coumaric acid, ferulic acid, 3,4-DHPEA-EDA, oleuropein, 3,4-DHPEA-EA, p-HPEA-EDA, pinoresinol, p-HPEA-EA, luteolin, apigenin, fruity, pungent and rancid. Whereas, the three-phase oil was related to the F2 axe which was dominated after the Varimax rotation by the following variables: α-tocopherol, C16:0, C16:1 n-7 C16:1 n-9 , C17:0, C17:1 n-8 , C18:0, C18:1 n-7 C18:1 n-9 , C18:2 n-6 n-9 , C20:0, C20:1 n-9 , OOLn, POLn, OOP, POS, POA, vanillic acid, caffeic acid, cinnamic acid and bitter.
Conclusion
The processing system appears to have a very significant role in the qualitative characteristics and the non-saponifiable fraction. In fact, all the results obtained showed that the main quality index of olive oil as free acidity, pigment contents, phenolics compounds as well as tocopherols contents are strongly influenced by the processing systems. Other parameters such as the specific extinction at 232 nm and 270 nm, triacylglycerol composition and the fatty acid composition do not show significant differences between three processing systems. So it can be concluded that the two-phase oil is richer in antioxidants especially polyphenols and carotenes. Three-phase centrifugation can also C18:1(n-7)+C18:1(n-9); 21: C18:2(n-6)(n-9); 22: C18:3(n-3)(n-6)(n-9); 23: C20:0; 24: C20:1(n-9) 
